Context: Higher infant growth rates are associated with an increased risk of obesity in later life.
F
etal life and infancy are critical periods for the development of overweight and cardiometabolic diseases (1, 2) . Both children with a high birth weight and those with a low birth weight followed by infant growth acceleration have an increased risk of overweight in later life (3) (4) (5) . Most studies used birth weight as a proxy for fetal growth. However, birth weight is the result of various fetal growth patterns and the starting point of different infant growth patterns. Although higher infant weight gain is a well-established risk factor of childhood overweight, stud-ies focused on directly measured fetal growth effects on adiposity are scarce (6, 7) . Also, body mass index is a widely accepted outcome measure, but more detailed body fat distribution measures might be more strongly related to cardiometabolic risk factors (8, 9) . In young adults, abdominal visceral fat is a risk factor for a diabetogenic and atherogenic profile (9) , whereas abdominal sc fat is related to circulating leptin concentrations (10) . In adults, waist circumference in addition to body mass index is associated with higher overall mortality rates (8) . We have previously shown that third trimester fetal growth restriction, followed by a high postnatal weight gain, is related to higher fat mass in infancy (11) .
For the present study, we aimed to identify critical periods during fetal life and infancy that might be important for the development of an adverse total and abdominal fat profile in childhood. In 6464 children participating in a populationbased prospective cohort study from early fetal life onward, we examined the associations of repeatedly measured fetal and infant growth characteristics with childhood body mass index, and fat mass index and abdominal fat distribution measured by dual-energy x-ray absorptiometry (DXA) and abdominal ultrasound at the age of 6 years.
Subjects and Methods

Study design
This study was embedded in the Generation R Study, a population-based prospective cohort study from fetal life onward in Rotterdam, The Netherlands (12) . All children were born between 2002 and 2006 . Response rate at birth was 61% (12) . The study protocol was approved by the Medical Ethical Committee of the Erasmus Medical Center, Rotterdam. Written informed consent was obtained from all parents. In total, 8305 children participated in the follow-up measurements at the median age of 6.0 years (90% range, 5.7-7.4), of whom 6464 participated in the detailed measurements for the current study (Supplemental Figure 1 gives a detailed flow chart). (12) . First-trimester ultrasound was used for establishing gestational age because this method is better than using last menstrual period (13) . Secondand third-trimester ultrasounds were used to assess fetal growth. Fetal head circumference (HC), abdominal circumference (AC), and femur length (FL) were measured to the nearest millimeter using standardized ultrasound procedures. Estimated fetal weight (EFW) was calculated using the formula by Hadlock et al (14) : log10 EFW ϭ 1.5662 Ϫ 0.0108 (HC) ϩ 0.0468 (AC) ϩ 0.171 (FL) ϩ 0.00034 (HC) 2 Ϫ 0.003685 (AC ϫ FL). SD scores (SDS) for all fetal growth characteristics were constructed based on the data from the study group.
Fetal and infant growth assessments
Birth length and weight were obtained from community midwife and hospital registries. We created gestational age-and sexadjusted birth length and weight (SDS) within our study population by using Growth Analyzer 3.5 (Dutch Growth Research Foundation) based on North European growth charts (15) . Preterm birth was defined as a gestational age of Ͻ37 weeks. Small for gestational age and large for gestational age were defined as the lowest and highest 10th percentiles of gestational age-and sex-adjusted birth weight in the cohort.
Infant length and weight were measured in community health centers using standardized methods at the ages of 6 months (median, 6 (12) . Length was measured in a supine position to the nearest millimeter with a neonatometer. Weight was measured with a mechanical personal scale, and body mass index was calculated. We created age-and sex-adjusted SDS of these infant anthropometrics within our study population using Dutch reference growth charts (Growth Analyzer 3.5, Dutch Growth Research Foundation) (16) .
We defined growth intervals for each growth characteristic at different time points. Second-trimester fetal growth was defined as the period between second-and third-trimester fetal life; thirdtrimester fetal growth as the period between the third trimester and birth; early, mid, and late infancy as the periods from birth to 6 months, 6 to 12 months, and 12 to 24 months of age, respectively. As previously described, a change in SDS greater or smaller than 0.67 between each growth characteristic measured at different time points was considered as growth acceleration and growth deceleration, respectively (6, 16) . A change of 0.67 SDS represents the width of each percentile band on standard growth charts, which helps to indicate growth acceleration and deceleration in clinical practice (6, 16) .
Total and abdominal fat distribution assessments in childhood
At the median age of 6 years (95% range, 5.7, 7.4 y), we performed follow-up measurements of childhood height and weight without shoes and heavy clothing. All measurements were performed in a dedicated research center by research staff who were trained to perform the measures according to specific research protocols. Height was measured to the nearest millimeter by a stadiometer (Holtain Limited). Weight was measured to the nearest gram using an electronic scale (SECA 888), and body mass index (kilograms/meter 2 ) was calculated. Total body and regional fat mass was measured using a dualenergy x-ray absorptiometry (DXA) scanner (iDXA, 2008; GE-Lunar) and analyzed with the enCORE software, version 12.6 (GE-Healthcare) (17) . DXA can accurately detect wholebody fat mass within less than 0.25% coefficient of variation. Children were placed without shoes, heavy clothing, and metal objects in supine position on the DXA table. Total fat mass (kilograms) was calculated as a percentage of total body weight (kilograms) measured by DXA. The fat mass index (body fat mass/height 2 ), lean mass index (body lean mass/height 2 ), and android/gynoid fat mass ratio were calculated. The android/gynoid fat ratio reflects the central body fat distribution in the abdomen and hip regions, respectively, and was used as a marker of waist/hip fat distribution (18) .
Abdominal ultrasound examinations were performed with ultrasound, as described in detail (19, 20) . Briefly, sc and pre-peritoneal fat thicknesses were measured with a linear transducer (20) , which was placed perpendicular to the skin surface on the median upper abdomen. We scanned longitudinally just below the xiphoid process to the navel along the midline (linea alba). All measurements were performed off-line. Subcutaneous fat mass distance (SC-distance) was measured as the distance of the inner surface of sc tissue to the linea alba. Preperitoneal fat mass distance (PP-distance) was measured as the distance of the linea alba to the peritoneum on top of the liver. Subcutaneous and preperitoneal fat mass areas were measured as areas of 2 cm length along the midline starting from the maximum preperitoneal distance in the direction of the navel (SC-area, PP-area). We measured the areas of 2 cm length along midline three times, and we used the mean value of these measures. The intraobserver reproducibility and the intraclass correlation coefficients ranged from 0.93 to 0.97, from which we can conclude that our measurements for ultrasound were highly reproducible.
Covariates
We collected information about maternal age, parity, educational level, prepregnancy body mass index, smoking during pregnancy, and folic acid supplement use by questionnaires. The child's ethnicity (European, non-European) was classified by the countries of birth of the parents (21). Information on breastfeeding and average TV watching time was assessed by questionnaire (22) .
Statistical analysis
First, differences in subject characteristics between boys and girls were examined with ANOVA and 2 tests. Second, we used linear regression models to assess the associations of growth measures in different fetal and infant growth intervals with adiposity outcomes at the age of 6 years. These analyses were adjusted for the corresponding age interval. We tested for potential interaction of a child's sex with gain in length or weight in different growth intervals. Third, to take into account the correlation between fetal and infant growth characteristics, we used conditional regression analyses to examine associations of these measures with childhood outcomes. We constructed length, weight, and body mass index gain variables, which are statistically independent from each other, using standardized residuals resulting from the linear regression model of length, weight, and body mass index regressed on the prior corresponding growth measurements (23) . This allows simultaneous inclusion of all growth measures in a regression model (23) . Fourth, we used multiple linear regression models to explore the associations of fetal and infant anthropometrics with childhood fat measures. These models did not take growth measured at other ages into account. Finally, we categorized fetal (second trimester to birth) growth and infant (birth to 24 months) growth each into three groups defined as growth deceleration, normal growth, and growth acceleration. We used stratified multiple linear regression models to assess whether the associations of fetal growth with adiposity outcomes were modified by infant growth. We (24) . Imputations were based on the relationships between covariates, determinants, and outcomes. Analyses were performed using the Statistical Package of Social Sciences version 20.0 (SPSS Inc). Table 1 gives the subject characteristics. Table 2 presents the fetal, birth, infant, and childhood anthropometrics for boys and girls. At the age of 6 years, girls had higher Values are expressed as means (SD) or median (90% range) for variables with skewed distribution. Differences in fetal, infant, and child characteristics for boys and girls were evaluated using ANOVA for continuous variables, and 2 tests for categorical variables. Small for gestational age was defined as ageand sex-adjusted birth weight Ͻ10%. Large for gestational age was defined as age-and sex-adjusted birth weight Ͼ10%. Significant P values Ͻ .05.
Results
Subject characteristics
fat mass index and abdominal body fat measures than boys (P Ͻ .01). Table 3 shows that length gain from second-trimester life until midinfancy was not consistently associated with adiposity outcomes in childhood, whereas length gain in late infancy was positively associated with body mass index and lean mass index and inversely associated with fat mass index and preperitoneal fat mass in childhood (P Ͻ .05). EFW and AC growth in the second and third trimesters of fetal life and weight gain in early, mid, and late infancy were all positively associated with childhood body mass index (P Ͻ .05), with the strongest effect estimates at the oldest age. EFW gain and AC gain in fetal life were not associated with childhood general and abdominal fat, but weight and body mass index gain in all infancy periods were associated with higher total mass, android/gynoid fat mass ratio, sc and preperitoneal abdominal fat mass, and lower lean mass index in childhood (P Ͻ .05). These effect estimates were smaller than those for childhood body mass index. Supplemental Tables 1 and 2 show the associations of fetal and infant growth characteristics with childhood fat measures using regular linear regression analyses. Supplemental Table 3 gives the associations of size at birth with body fat outcomes at the age of 6 years.
Fetal and infant growth and childhood body fat outcomes
We further explored whether the associations of growth characteristics with childhood body fat outcomes were independent from growth measures at other ages using conditional growth analyses. Figure 1A shows that independent from growth in length at other ages, length in fetal life was inversely associated and length in infancy was positively associated with childhood body mass index (P Ͻ .05). We observed stronger effect estimates for weight than for length. Figure 1 , B-F, shows that, at 20 weeks of gestational age, length and EFW growth were not independently associated with total and abdominal fat measures, whereas at 30 weeks of gestational age fetal FL was inversely associated with fat mass index, android/gynoid fat mass ratio, and sc and preperitoneal abdominal fat mass (P Ͻ .05). Weight and body mass index at 6, 12, and 24 months were all independently and positively associated with these fat outcomes, whereas they were inversely associated with lean mass index, with stronger effect estimates at older ages (P Ͻ .05). Similar results were present in the crude models (Supplemental Figure 2) .
Combined effects of fetal and infant growth patterns and childhood body fat outcomes
As compared to children with normal fetal and infant growth, children with both fetal and infant growth deceleration had the lowest childhood body mass index, fat mass index, and sc abdominal fat mass and the highest childhood lean mass index. Children with both fetal and infant growth acceleration had the highest levels of childhood fat mass ( Table 4 ). The highest value for android/ gynoid fat mass ratio and the lowest value of lean mass index were observed among children with fetal growth deceleration followed by infant growth acceleration. Interaction terms between fetal and infant growth categories were significant for fat mass index, android/gynoid fat mass ratio, and sc abdominal fat mass. Sensitivity analyses without preterm children did not materially change the results (data not shown). Supplemental Table 4 gives the associations of size at birth, instead of fetal growth, and infant growth with body fat outcomes. These results were largely similar to those from the models with fetal growth.
Discussion
In this population-based prospective cohort study, we aimed to identify critical periods during fetal life and infancy that might be important for development of an adverse total and abdominal fat profile in childhood.
We observed that weight gain in the second and third trimesters of fetal life and in early, mid, and late infancy was independently and positively associated with childhood body mass index. Only infant weight gain was associated with higher childhood fat mass index, android/gynoid fat mass ratio, and abdominal fat mass. Children who had fetal growth deceleration followed by infant growth acceleration had the highest value for android/gynoid fat mass ratio.
Methodological considerations
We used a population-based prospective cohort design including a large number of subjects whom we studied from early fetal life onward. The large number of repeated fetal and infant anthropometric measurements enabled us to explore potential critical periods in early life for the development of an adverse body fat distribution. Selection bias in follow-up studies mainly arises from loss to follow-up rather than from nonresponse at baseline (25) . Of all children with information about birth weight and gestational age, 77% did participate in the follow-up measurements at the age of 6 years, of whom at least 80% participated in the body fat assessments. Loss to follow-up would lead to selection bias if the associations of fetal and infant anthropometrics with body fat outcomes would be different between children included and not included in the final analyses. Birth Figure 1 . Associations of fetal and infant growth measures conditional on prior measures with body fat outcomes at the age of 6 years. A, Body mass index (BMI); B, fat mass index; C, lean mass index; D, android/gynoid fat mass ratio (AVGFM); E, sc area fat mass (SCAFM); F, preperitoneal area fat mass (PPAFM). Values are standardized regression coefficients (95% CI) from conditional analyses. The estimates represent differences in total and abdominal fat measures per standardized residual change of fetal and infant growth measures. Analyses with length and weight gain variables considered as starting point growth measures at 20 weeks of gestational age, whereas analysis with BMI considered as starting point BMI at the age of 6 months. Models are adjusted for child's age at visit, sex and height, plus maternal age, education, pre-pregnancy BMI, parity, folic acid use, and maternal smoking during pregnancy, plus child's ethnicity, breastfeeding, and TV watching time.
weight was lower in those who were not included in the current analyses than in those who were included (difference, Ϫ50.4 g [95% CI, Ϫ24.7, Ϫ76.1]; P Ͻ .05). It is hard to speculate whether this difference would affect the observed associations materially, but we consider this unlikely. We had a low number of children with information on birth length available because it was not measured at all delivery centers. Information on anthropometrics at the age of 24 months was missing in 32% of the study population. These missing values are mainly due to the design of the study, which included growth data collected from birth until the age of 4 years in only a subgroup of the total study population (12) . We performed detailed measurements of childhood body fat distribution. Both DXA and abdominal ultrasound have been validated against computed tomography. The abdominal ultrasound measurement of preperitoneal abdominal fat may be prone to relatively higher measurement error, which may subsequently lead to underestimation of the observed associations (19) . We could not adjust for detailed measures of childhood diet because this information was available only in a small subgroup of the study population. Although we performed an extensive adjustment for a large number of potential confounders, residual confounding in the observed associations might still occur, as in any observational study.
Comparison of main findings with other studies
Fetal life and early childhood life have been recognized as critical periods for the development of overweight and cardiometabolic diseases in later life (26) . Our findings suggest that both fetal and infant growth patterns influence body mass index and body fat distribution in childhood, with the strongest effects present for growth in late infancy and for body mass index as outcome. Previously, it has been shown that children with both a high and a low birth weight followed by infant growth acceleration tend to have a higher body mass index and are at increased risk of overweight in childhood and adulthood (4 -7, 27) . A prospective cohort study in 27 899 full-term children showed that, independent of birth weight, the rate of weight gain during the first 4 months was associated with an increased risk of overweight at the age of 7 years (28) . Another cohort study among 848 children born full term suggested that children who have infant growth acceleration in height and weight between birth and the age of 2 years had a higher body mass index at the age of 5 years (6) .
Body fat distribution is stronger related with cardiometabolic risk factors in childhood and adulthood than body mass index (8, 9) . We measured both total and abdominal fat mass using DXA and ultrasound. We did not observe consistent associations for independent fetal and early infant length with abdominal fat. We used preperitoneal fat as a measure of visceral fat (19) . Our results suggest that early growth patterns had stronger effects on fat mass index than on preperitoneal abdominal fat mass in childhood. The lack of associations may be explained by the relative narrow range of variation of preperitoneal fat in children and a larger measurement error for this measure (19) . In the current study, only infant weight and body mass index gain, but not growth in the fetal period, were associated with higher childhood total and abdominal fat, and an adverse body fat distribution as reflected by a higher android/gynoid fat ratio. Previously, we also observed that infant weight gain from birth to the age of 2 years was associated with higher abdominal preperitoneal fat in children at the age of 2 years (29) . Various studies have identified rapid weight gain in infancy as a predictor of higher body fat (3, 30) . A prospective cohort study among 561 children reported that rapid weight gain in infancy was associated with higher skinfold thicknesses at the age of 7 years (31). Another study among 121 obese individuals aged 5 to 22 years suggested that the variability in central adiposity was more strongly influenced by infant growth than by birth weight (32) . Thus, rapid infant growth might influence development of later body composition.
We have shown in a subgroup of 252 infants in the same study population that birth weight was positively associated with total fat at the age of 6 months (11). Similarly, a large cohort study in 6086 children suggested that higher birth weight predicted higher DXA-derived total fat, but not truncal fat, at the age of 9 years (33). A study among 255 7-year-old children suggested that birth weight was inversely associated with central fat (34) . In the current study, we observed that higher birth weight was associated with higher total and abdominal body fat, but after adjustment for the child's current height, these associations attenuated. In a previous study, we also did not observe associations between birth weight and abdominal body fat outcomes at the age of 2 years (29). Our findings are in line with a small study among 242 overweight children that suggested that birth weight predicted body mass index and DXA-derived truncal and total fat, but not magnetic resonance imaging-derived visceral or sc fat in children at the age of 11 years (35) . Differences in results between studies might be attributed to different outcome measures, adjustment for different potential confounders, or adjustment for current height. We also observed that children with fetal growth deceleration followed by infant growth acceleration had increased body fat outcomes and lower lean mass index. These findings are in line with other studies showing that the combination of fetal growth deceleration and infant growth acceleration may lead to higher Values are expressed as standardized regression coefficients (95% CI) and reflect the difference for each body fat measure compared to children with normal fetal and infant growth. Fetal growth was defined as the period between the second trimester and birth. Infant growth was defined as the period between birth and 2 years. Models are adjusted for child's age at visit, sex and height, plus maternal age, education, pre-pregnancy BMI, parity, folic acid use, and maternal smoking during pregnancy, plus child's ethnicity, breastfeeding, and TV watching. Trend tests represent the effect estimates of infant growth within each third-trimester fetal growth group. Significant P values Ͻ .05. a P Ͻ .01.
total and abdominal body fat than fetal growth deceleration without infant growth acceleration (7, 32, 36) . This might be one of the pathways underlying the previously observed associations of low birth weight with type 2 diabetes in later life (37) . Similarly, it has also been suggested that children born small for gestational age had higher abdominal sc fat in adolescence (38, 39) and higher total and abdominal fat, measured by DXA and magnetic resonance imaging, between the ages of 2 to 6 years (40). These findings are in line with the development and origins of a health hypothesis that suggests that an adverse fetal environment leads to adaptations that program the metabolism of the fetus (41) . Further studies are needed to assess which factors influence infant growth acceleration.
Conclusion
This study suggests that both fetal growth and infant growth affect childhood body mass index, whereas only infant growth directly affects measured fat mass index, android/gynoid fat mass, and sc and preperitoneal abdominal fat. Fetal growth deceleration followed by infant growth acceleration may lead to an adverse body fat distribution. Further studies are needed to explore whether these growth patterns affect body fat distribution and risk of diseases later in life.
